Physical maps showing the relative locations of cloned DNA fragments in the genome are important resources for research in molecular genetics, genome analysis, and evolutionary biology. In addition to affording a common frame of reference for organizing diverse types of genetic data, physical maps also provide ready access to clones containing DNA sequences from any defined region of the genome. In this The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
paper, we present a physical map of the genome of Drosophila melanogaster based on in situ hybridization with 2461 DNA Iants, averaging -80 kilobase pairs each, cloned in bacteriophage P1. The map is a framework map in the sense that most putative overlaps between clones have not yet been demonstrated at the moecular level. Nevertheless, the framework map includes 85% of all genes in the euchromatic genome. A continuous physical map composed of sets of overlapping P1 clones (contigs), which together span most of the euchromatic genome, is currently being assembled by screening a library of 9216 P1 clones with single-copy genetic markers as well as with the ends of the P1 clones already assied positions in the framework map. Because most P1 clones from D. melanogaster hybridize in situ with chromosomes from related specil, the framework map also makes it possible to determine the genome maps of D. pseudoobscura and other species in the subgenus Sophophora. Likewise, a P1 framework map ofD. viis affords potential access to genome organization and evolution in the subgenus Drosophila.
A clone-based physical map consists of a set of ordered, overlapping inserts of cloned genomic DNA. Such a map affords a unique resource for studying the structure and function of the genome. The map facilitates the molecular identification of mutant genes, and the clones in the map provide ready access to substrates for genomic sequencing. A clone-based physical map also opens up new opportunities for studies of genome evolution.
Clone-based physical maps have been assembled for several species chosen as model organisms in the Human Genome Project (1) . These include Escherichia coli (2), Saccharomyces cerevisiae (3) , Caenorhabditis elegans (4) , and Drosophila melanogaster (5) . There is also a first-generation physical map of the human genome (6) . In most organisms, sets of overlapping clones covering an uninterrupted stretch of the genome (contigs) are assembled by detecting overlaps by means of shared restriction fragments in fingerprints or shared sequence-tagged sites (STSs). Drosophila is unique among model organisms in presenting giant polytene chromosomes in the larval salivary glands so that clones can be assigned positions in the genome by means of in situ hybridization. There are about 5000 polytene bands, most ranging in DNA content from 5 to 50 kilobase pairs (kb), with an average DNA content of =2O kb. The approximate limit of cytological resolution with in situ hybridization is conventionally given as 50 kb (7) . One advantage ofthe hybridization approach is that the approximate locations ofclones covering much of the genome can be assembled relatively rapidly (yielding a "framework map"), although clones that appear to be adjacent in the framework map need not necessarily overlap at the molecular level. The in situ mapping strategy therefore requires that molecular overlaps be determined after the framework map is completed rather than during assembly.
A physical map of the Drosophila genome based on yeast artificial chromosomes (YACs) ordered by in situ hybridization has been reported (5, (8) (9) (10) (11) P1 Cloning Vectors. P1 clones were produced by using the P1 vectors pNS582-tetl4 AdlO (Fig. 1A ) and pAdlO sacBII (Fig. 1B) , which differ in the region around the cloning site. In pNS582-tetl4 AdlO (13) , the BamHI cloning site interrupts the tetracycline-resistance gene; in pAdlO sacBII (14) (14) .
Vector arms resulting from digestion of either vector with BamHI and Sca I were treated with calf intestinal alkaline phosphatase, and an equimolar ratio of vector-arm DNA and genomic DNA was ligated in the presence of T4 DNA ligase as described (12) . Packaging of the ligated DNA was carried out as described (13) . During packaging, molecules are packaged stepwise in the counterclockwise direction from the pac site (as Fig. 1 is drawn) until the phage head has been filled (100-115 kb), after which cleavage occurs. Following packaging ofthe vector pNS582-tetl4 AdlO, E. coli strain NS3145 (13) was infected and plated on LB plates (15) with kanamycin (25 ug/ml). Kanamycin-resistant colonies were tested for tetracycline resistance, and tetracycline-sensitive bacterial colonies were isolated. Following packaging of the vector pAdlO sacBII, E. coli strain NS3529 (14) was infected and plated on LB agar containing kanamycin (25 ptg/ml) and 5% sucrose in order to select for insert-containing vectors. Both NS3145 and NS3529 produce a site-specific recombinase that targets the loxP sites ( Fig. 1 ) and circularizes the vector by recombination. After isolation, a sample of clones from each vector was isolated and the size of the insert was determined by contour-clamped homogeneous electric-field gel electrophoresis (16) .
DNA Preparation from P1 Clones. Bacterial isolates containing single P1 clones were inoculated into LB medium containing kanamycin (25 ,ug/ml) and isopropyl #-Dthiogalactopyranoside (1 mM), which induces the lytic replicon (rep in Fig. 1 ) to amplify the plasmid copy number (13), and grown overnight at 37°C. Plasmid DNA was extracted by the alkaline lysis method (17) .
Cytological Analysis. Localization ofclones was carried out with laboratory strain Oregon RC. Polytene chromosomes were prepared as described (18 (19) . Hybridization of labeled DNA to polytene chromosome squashes in situ was carried out overnight at 37°C in 1.4x SSC/7% (wt/vol) dextran sulfate/35% (vol/vol) N,N-dimethylformamide containing sonicated denatured salmon sperm DNA (0.6 mg/ml). Hybridization was detected with the Detek I horseradish peroxidase signalgeneration system (Enzo Diagnostics) and 3,3'-diaminobenzidine (Sigma). Chromosomes were stained with Giemsa stain and embedded in Permount.
PCR Ampification of Insert-Vector Junctions. STS markers were determined from sequences at the termini of the genomic fragments present in P1 clones after amplification by the polymerase chain reaction (PCR) as described (20) (Fig. 1A) ; the remainder, -60%, are in pAdlO sacBII (Fig. 1B) . Inserts in pNS582-tetl4 AdlO cluster in the size range 70-100 kb with a mean and standard deviation of 83.0 ± 6.2 kb (n = 25) (12); inserts in pAdlO sacBII cluster in the same size range and have a mean and standard deviation of 82.5 ± 5.8 kb (n = 20) (data not shown).
Distribution of Clones by Chromosome. A total of 3104 clones were localized by in situ hybridization with the polytene salivary-gland chromosomes. Among the localized clones, 388 hybridized with the chromocenter, the underreplicated mass consisting largely of the pericentromeric heterochromatin and the Y chromosome, and/or with multiple euchromatic sites (typically, 10-100) without any apparent major euchromatic site of hybridization. A total of 64 clones yielded dual hybridizations (strong signals-in two distinct euchromatic sites); these clones have not been investigated further, but some of them may represent chimeric clones containing ligated fragments from two different parts of the genome. An additional 191 clones were deliberate duplicates introduced into the workstream as blind controls in order to verify the accuracy of the procedures and reproducibility of the cytological localizations.
The remaining 2461 localized clones yielded single major sites of euchromatic hybridization. Approximately 10% of these clones also exhibited multiple (typically, 10 -100) secondary sites of hybridization in the euchromatin; about half of this class also hybridized with the chromocenter. The multiple sites of hybridization are interpreted as resulting from transposable elements or other types of moderately repetitive, dispersed DNA contained in the cloned insert. With such clones, it is usually not difficult to identify a principal site of hybridization in the euchromatin in which the signal is intense and encompasses several bands, compared to which the multiple sites of hybridization are usually much weaker and present in single bands; the principal site of hybridization is the site to which the clone is assigned. (The distinction between the major site and secondary sites of hybridization can be difficult if the probe is excessive in amount or too heavily labeled.) A final class of clones, -2% ofthose localized, hybridized with the chromocenter and also to one principal site of hybridization in the euchromatin, without detectable secondary sites of euchromatic hybridization.
Because the average insert size of the clones is =80 kb, the mapped clones with unique major sites of hybridization include =200 megabase pairs (Mb) of DNA, or the equivalent of -1.8 copies of the haploid euchromatic genome. If we assume that all euchromatic sites are equally likely to be present in the clones, the proportion of euchromatic sites expected to be represented at least once among the clones is -85%. The distribution of clones localized in the arms of the large euchromatic chromosomes is given in Table 1 . (The X chromosome is acrocentric, chromosomes 2 and 3 are metacentric.) The -25% deficiency of clones localized to the X chromosome is expected because the libraries were constructed from a mixture of male and female DNA (8); however, the relative underrepresentation of clones from 2R is statistically significant (P < 0.01). Although a small percentage of the clones are duplicates arising from inadvertent transfer of the same bacterial colony during clone isolation, these are not sufficient in number to account for the nonran- domness. An additional 7 clones were localized to chromosome 4 which, based on its DNA content, would be expected to have -25; the underrepresentation of chromosome 4 is also statistically significant (P < 0.01).
The large autosome arms are each divided into 20 numbered divisions, and each of these (except for those at the base) is divided into six lettered subdivisions (A-F) with an average DNA content of =200 kb. The distribution of P1 clones by lettered subdivision is given in Fig. 2 . Overall, >90%o of the lettered subdivisions have at least one P1 clone, and the average number of clones per lettered subdivision is 4.2.
Framework Map. The P1 framework map is summarized in Fig. 3 . Contig Assembly. While the framework map in Fig. 3 was being completed, contig assembly began, using the strategy of STS-content mapping, in which overlapping P1 clones are identified by virtue of their ability to support the PCR amplification of single-copy genomic sequences. The STS markers used for contig assembly are derived from (i) known genes with sequences available in GenBank, (ii) the termini of the genomic fragments present in P1 clones, and (iii) sites of insertion of the transposable element P (22) . Although genome-wide contig assembly is still in its early stages, progress in one of the targeted regions near the tip of the X chromosome is shown in Fig. 4 and illustrates In Fig. 4 
DISCUSSION
The framework map reported here and summarized in Fig. 3 affords a unique resource for research in the genetics of Drosophila. The framework map includes =85% of the euchromatic genome with an average redundancy of coverage of 1.8. Although there is some nonrandomness in the distribution of clones, the coverage of the euchromatic genome is very broad, and DNA from most euchromatic regions of interest should be accessible from the clones in the framework map. Less well represented are clones from the meshlike region of the polytene chromosomes denoted heterochromatin, constituting the base of each chromosome arm and most of chromosome 4. Unrepresented in the framework map are clones from the chromocenter, comprising the a heterochromatin, which is grossly underreplicated in salivary gland nuclei and which includes the pericentromeric heterochromatin and the entire Y chromosome. Some of this material may be present in the -15% of P1 clones that hybridize with the chromocenter and that have no major sites of hybridization in the euchromatin.
Applications of the Drosophila physical map in studies of genome structure and function have been stressed elsewhere (9, 10, 23, 24) . Less consideration has been given to the utility of clone-based physical maps in studies of genome evolution. Drosophila has a long history of studies of genome evolution because, within many species groups, the banding patterns of the polytene chromosomes are sufficiently similar that phylogenetic relationships can be inferred. The principal limitation of cytological analysis is that, between species groups, the differences in banding patterns are usually too great for homologous chromosomal regions to be identified reliably, even between species whose morphological similarity implies virtual certainty of close relationship (25) . The result is a very incomplete understanding of the patterns, processes, and functional significance of genome evolution in Drosophila. A case in point is the obscura species group, long an object of evolutionary studies, which includes such species as D. pseudoobscura, D. miranda, D. subobscura, D. guanche, and D. affinis (26) . Although the correspondences between the chromosome arms of D. melanogaster and various species in the obscura group have been ascertained by in situ hybridization with probes from D. melanogaster (27) , no detailed, point-by-point cytological comparison between the genomes is possible because the polytene chromosome band morphologies, after an estimated 30-40 million years of evolutionary divergence (28) , are too dissimilar. However, in studies with P1 clones from the framework map of D. melanogaster, >80% yielded strong, single hybridization patterns with the salivary gland chromosomes of D. pseudoobscura (C. Segarra and E.R.L., unpublished observations). No ambiguities resulting from hybridization with transposable elements have been noted, probably because, relative to single-copy genes, the transposable elements are sufficiently divergent in sequence (29) . Hence, the framework map in Fig. 3 provides the material for a detailed alignment of the D. melanogaster and D. pseudoobscura euchromatic genomes with a density of markers of approximately one every 100 kb. Undoubtedly, many ofthe 80-kb P1 clones will also contain sites of rearrangement breakpoints between the species and thereby provide the material for determining the molecular mechanisms, as well as the patterns, of genome evolution.
In contrast to the situation with D. pseudoobscura, no reliable hybridization signals with the salivary-gland chromosomes of D. virilis have been possible with P1 clones from D. melanogaster (11) . The simplest explanation is that there has been too much DNA sequence divergence in the estimated 60 million years since the existence of a common ancestor of D. virilis and D. melanogaster (28) 
